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ABSTRACT 
This paper presents a simplified analysis 
method for the estimation of reciproca-
ting hermetic compressor performance. 
Conventionally, the analysis method with 
indicator diagram is utilized for this 
purpose. This diagram is generally ob-
tained by measuring pressure changes jn a 
cylinder, a suction chamber and a dis-
charge chamber with pressure sensors. 
This new method has been developed, where 
only average pressures and temperatures 
at 4 positions are experimentally requir-
ed. Cylinder pressure change can be cal-
culated by computer simulation. Utiliz-
ing these results, compressor performance 
can be more rapidly analyzed and esti-
mated than with the conventional method. 
This new method is compared with the 
conventional method in several examples. 
INTRODUCTION 
In order to obtain optimum compressor per-
formance, synthetic analysis is required 
to provide the most suitable geometric 
dimensions of the compressors. Conven-
tionally, the experimental analysis method 
with measured indicator diagram has been 
utilized for this purpose (Reference 1). 
Even though this method is useful, a con-
siderable number of man-hours are requir-
ed, due to such difficulties in experi-
ments as attaching pressure transducers 
to cylinders and so on. These difficul-
ties are especially serious with hermetic 
compressors. On the other hand, many 
computer simulation techniques have been 
recently introduced (Reference 2 - Refer-
ence 5). It is almost impossible, how-
ever, to practice the synthetic analysis 
completely by utilizing only simulation. 
This is due to the fact that too many 
experimental or theoretical coefficients 
are required to describe the character-
istics of each element. 
To estimate the compressor performance 
hased on experiments with easier in-
strumentation, a simplified semi-emperical 
method has been developed. This paper pre-
sents this new method, and the results of 
several applications of this method are 
compared with the conventional method. 
EXPERIMENTAL MEASUREMENTS 
An example of a reciprocating hermetic com-
pressor is shown in Fig. 1. Data to be 
measured in experiments for this analysis 
are as follows: 
(1) Average pressures in an inlet and an 
outlet of a shell, a suction chamber and 
a discharge chamber, 
(2) Gas temperatures at positions where 
pressures are measured, 
(3) Input power and rotational frequency 
of a motor, and 
(4) Mass flow rate of gas. 
(1) and (2) are required to calculate 
enthalpy and density, and are also utilized 
in the simulation and heat exchange anal-
yses. The density is utilized in the 
simulation and analyses of powers, mechan-
ical loss and other losses. (4) isutilized 
to obtain mass flow rate losses. 
MATHEMATICAL MODELING FOR ANALYSIS 
Mathematical models are composed for simu-
lation of a compressor. Models should be a~ 
simple as possible, for the reason that the 
purpose of this simulation is not a precise 
expression of the detailed compression mech-
anism, but to provide a supplemental means 
to accurately estimate the losses, which are 
valve losses, passage losses and mechanical 
losses. Thus, the modeling and objectives 
are limited to the phenomena in cylinders, 
and suction and discharge chambers, where 
acoustic pressure pulsations are neglected. 
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Model of Gas State in the Cylinder 
The volume in the cylinder during com-
pression process V(9) is given as 
1(02 
v<e> v0 +-4- x<e> 
(1) 
x(e) ~ R(l-cose) +L[l- 1- (~sine)
2 ] 
(2) 
where V0 is the clearance volume. 
X(e) is 
the piston displacement. D, R and L are
 
the piston diameter, crank radius and th
e 
rod length. e is the crank angle from 
the top dead center. It is assumed tha
t 
the refrigerant gas is an ideal gas and 
follows the polytropic change. Setting 
the initial condition at the suction cha
m-
ber, cylinder pressure Pc is given as: 
m 
P _ P ( c 1n 
( 3 ) 
c- sc v(e)P ) sc 
where P5 c is the suction cham
ber pressure. 
fsc is the density of the gas in the suc
-
tion chamber. me is the mass of the gas 
in the cylinder. n is the polytropic 
index. The gas temperature in cylinder 






where T is the gas temperature in the 
suctions8hamber. Mass of gas in cylinde
r 
me is expressed as the difference betwee
n 
the inflow mass through the suction valv
e 
and the effluent mass through the dis-
charge valve, m and md , as: . sc c 
{5) 
Polytro.pic index n is determined from m
ea-
sured pressure and temperature; Psc and 
Tsc in the suction chamber Pdc and Tdc 







Model of Fluid Flow Through the Valve 
{6) 
When the flow through a valve is assumed
 
to follow an isentropic process and to h
ave 
no heat exchange or flow friction, gas 
velocity w is given from enthalpy at the
 
valve inlet i 1 and




Equation (7) is applied to fluid flow 
through the suction valve and the dis-
charge valve as: 
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f A y2 (i - i 
) (Regular Flow) 
= o A' il/2(i - i ) (Reverse Flow) 
) C VS C SC { 
SC VS SC C 
0 (Valve Closed) ( 8) 
{
fcAvd "/2 (ic- ide) (Regular Flow) 
= f' de A' vd 11/2 ( ic - ide )(Reverse Flow) 
0 {Valve Closed) (9) 
where fis the density, i is the enthalpy
, 
A is the effective flow area which is a 
function of the valve displacement and t
he 
port area. Suffix c, sc, de, vs and vd 
denote the cylinder, suction chamber, d
is-
charge chamber, suction valve and the d
is-
charge valve, respectively. A can be c
al-
culated by theoretical equation {Refer-
ence 6) or given by experimental measur
e-
ment in constant flow. i is calculated
 
from the P-i diagram of the refrigerant.
 
Model of Valve Dynamics 
Equations of motion valves, assumed to b
e 
one-degree of freedom, are given as: 
d 2x dx 
M __ s + C ~-s + K X = Afs(Psc-Pc) (10) 
s dt2 s dt s s 
2 dxd d xd 
+ + Kdxd "" Afd (Pc -:Pdc) (11)
 
M-- c-
d dt2 ddt 
where x is the valve displacement, M is
 
the equivalent mass of the valve, C is t
he 
damping coefficient, K is the spring co
n-
stant and Af is the effective force area
. 
x in Equation (10) and Equation {11) is 
constrained by the maximum valve lift. 
As the valve is assumed to follow themo
tion 
of one-degree of freedom, equivalent ma
ss 
must be decided for a valve such as a 
flexible plate valve which has multi-
degrees of freedom. Equivalent mass is 
decided so that the natural frequency o
f 
the valve is equalized to the actual va
lve. 
For example, the natural frequency of a 
ring plate valve in free condition is gi
v~ 
en as follows: 
1 
EI[a. (i+ll
2 +c.] 2 +GJ(a. +c.)
2 {i+l)2 
- [ ~ ~ ~ ~ 
--1 
27C. £R2 (AR2a. 2 + J 'c. 2) g ~ ~ 
f 
(12) 
where E is Young's Modulus. G is the 
modulus of rigidity. I is the second 
moment of area. J is torsional coeffic
-
j 
ient. J' is polar moment of inertia of 
area. A is cross sectional area of the 
plate. R is the average radius. ois the 
specific weight. ai and Ci are coeffic-
jents of i times' hermonic mode, and the 
relation between ai and ci is: 
(EI + GJ) (i + 1) 2 (13) c. 
2 a. ~ E I + GJ ( i + 1) ~ 
On the other hand, the natural frequency 
of vibration and of one-degree of freedom 





Equation (12), equation (14) and measured 




Model of Suction and Discharge Chamber 
(15) 
Equations of mass in the suction chamber 
m5 c and in the discharge chamber mdc are 
given as: 
dmsc dm dmvs s 
(16) ----cit dt ----crt 
dmdc dmvd dmd 
(17) dt 
:= dt- dt 
where ms is the mass through the suction 
passage and md is the mass through the 
discharge passage. The initial condition 
of the suction chamber is assumed to be 
that where the pressure is Ps and the den-
sity is the measured average density so· 
The initial condition of the discharge 
chamber is assumed to be that where the 
pressure is Pd and the density is do· 
Each pressure, either Psc or Pdc is given 
as: 
m 
p ( sc )n Ps (18) sc v·sc f'so 
m 
p "' ( de )n pd (19) de vdcfdo 
Model of Passage Pressure Drop 
Equations of pressure drop in the passages 
are given as: 
(20) 
where d is the representative diameter. 
1 is the equivalent length. ..tis the 
flow resis·tant coefficient which is a 
functions of the Reynolds Number. f is 
the loss coefficient. f ' is the average 
density in the passage. is provision-
ally determined from the following 
equation. 
l s f' f'
1 
s GR 2 
c_.:ts d + :>sl-2-[ ' 7t.d 2 /4] == p -P 





d GR 2 -
ud dd + 5'dl-2-[ I 7td 2 /4] "'pdc-Pd 
f d d (23) 
is finally chosen at the value which makes 
the average of simulated pressures in the 
suction and discharge chamber equal to the 
measured average pressures. 
ANALYSIS 
The total flow chart of the analysis is 
shown in Fig. 2. The analysis methods are 
specified as follows. 
Compression Work, Valve Losses and Passage 
Losses 
An example of PV diagram, obtained from the 
simulation, is shown in Fig. 3. The indi-
cated work is defined by the total area 
enclosed with cylinder pressure Pc. The 
losses and effective work are defined by 
the area shown in the figure. These works 
and losses are given by the following 
equations. 
(1) Indicated Work ..• 
n 
w "'ZP [V(fl. 1)-V(fl.)] N (24) g i-1 c ~- ~ 
where n is the total step of calculation in 
one cycle. N is the rotational frequency. 
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(2) Suction Valve Loss ... 
n P -P (P < P ) 
L ~[Z{ c sc c~ sc }{v(Q. )-V(G.l}]N 
VS i~ 1 0 ( p > p ) J.-1 J. 
c sc (25) 
(3) Discharge Valve Loss ..• 
n P -P (P > P ) 
Lvct~ (.2:{ c de c~ de }fv(>,J.-1)-V(Q. l}]N 
1~1 0 (P < P ) 1 1 
c de (26) (4) Suction Passage Loss ... 
n P -P (P < P ) J 
L ~[:S{ c s c=- s }{v(G._l)-V(G.J} N 
ps i~l 0 (P >P) 1 1 
c s (27) 
(5) Discharge Passage Loss ... 
· n P -P ( P > P ) 
L ~ l :z { c d c ~ d } {v ( Q . ) - V ( Q . ) }] N 
pd . ( ) J.-1 J. J.~l 0 PC< pd (28) 
(6) Effective Work .•. 
W ~w -(L +L d+L +L d) e g vs v ps p (29) 
Mechanical Loss 
Mechanical los'ses of bearings and the 
large end bearing of the rod are calcul-
ated by a lubrication theory of a journal 
bearing. The bearing pressure Pm is 
given as: 
p 
p "' ___£ (3
0) 
m DL 
where P is the piston force. D and L are
 
the di~eter and the length of the bearing. 
When the viscosity of oil "1_, the gap C and 
the rotational frequency N are given, 
Sommerfield Number s is defined as: 




The loss coefficient H is obtained from S 
and the mechanical loss of a bearing is: 
(32) 
The mechanical loss of cylinders Lmc, 
which contains the loss of small end bear-
ings of rods, is given as: 
(33) 
where v10 is the shaft power, W i 
is the in-
put and 1( mot is the motor efficiency. 
Superheat of Suction Gas 
suction gas is heated by the heat due to 
the aforementioned losses and the motor 
loss, and heat transferred from high 
temperature portions like a discharge 
passage (Reference 7). It has been observ
-
ed that the refrigerant mass flow rate 
decreases as the temperature of the suctio
n 
gas increases (Reference 8). The simpli-
fied heat balance model is shown in Fig. 4
. 
Energy changes of gas in the suction pas-
sage Qs, in the cylinder Qc and in the dis
-
charge passage Qd can be obtained from 




where GR is the mass flow rate. Heat bal-
ance equations based on the model are: 
(35) 
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where Lmot is the motor loss [= Wi (1-'l/motl
] . 
Qco is the heat quantity transferred from 
the cylinder to the atmosphere or to the 
frame in the shell. Qdo is the h~at q\lan-
ti ty from the discharge passage. Qou·t is 
heat leakage to the outside of the shell. 
Qco is considered to include th~ valve 
losses, the flow losses and the mechanical
 
loss in the cylinder. The effects of 
these heat :sources on the suction gas can 
be 
estimated from equation (34) and equa-
tion (35). 
Mass Flow Rate Losses and Volumetric 
Efficiency 
Calculated mass flow rate GR is given from
: 
(36) 
where rnvs and mvd are the mass flow rates 
through the suction and the discharge 
valves in one cycle. N is the rotational 
frequency. If the mass flow rate is denot
ed 
as GRo when A'vs = A'vd = 0 in Equation (8) 
and Equation (9), and as GRr when A'vs and 
A'vd exist, GRo - GRr shows the reverse ma
ss 
flow rate through the valves. When the 
measured mass flow rate is denoted as GRffi, 







1 vr "' vth (38) '1v 
(39) 
(40) 
where Vth is the theoretical displacement 
volume. Vsc and vs are the specific volum
e 
of the gas in the suction chamber and the 
gas in the inlet. "/ vo and 1f.vr shows the 
effect of the clearance volume. The diffe
r-
ence between 1vo and ~vr shows the reduc-
tion by reverse flow through the valves. 
The difference between ~vr and 1vb shows 
the reduction caused by the blowby or supe
r-
heat in the cylinder during the suction 
process. The difference between 1vb and 
~v shows the reduction caused by superheat
 
through the suction passage from the inlet
 
to the suction chamber. By utilizing 
these volumetric efficiences, performance 
regarding the mass flow rate can be com-




Several examples of the application of 
this new practical analysis method are 
presented, and they are compared with the 
conventional method based on measured 
indicator diagrams. 
Change of Losses and Works with Pressure 
Condition Change 
The result of the analysis of a 3.75 kw 
h~rmetic refrigerant compressor perfor-
mance with operating pressure condition 
changes is mentioned. The discharge pres-
sure is kept at 1.57 MPa or 2.06 MPa, and 
the suction pressure is changed under 
three conditions. The valve losses, the 
mass flow rate and powers are studied 
here. 
The changes of the valve losses are shown 
in Fig. 5. 
The result shows that the calculated curve 
has the same tendency as the curve of the 
experimental analysis. The discharge valve 
loss of this compressor is greatly changed 
with the pressure ratio, and the suction 
valve loss is slightly changed. It can 
be estimated that the suction valve of this 
compressor is sufficiently flexible, but 
the discharge valve is stiff for the large 
mass flow rate. 
The changes of the passage losses are 
shown in Fig. 6. It can be seen that the 
calculated loss value is considerably lower 
than the experimental value, but that the 
calculated curve has the same tendency as 
the experimental curve. That is to say, 
the discharge passage loss is considered 
to have a mutual relation with the mass 
flow rate shown in Fig. 7, and the suction 
passage loss has a relation not with the 
flow rate, but with the pressure ratio. 
The change of the mass flow rate is shown 
in Fig. 7. calculated flow GR is expressed 
in the case where there is no reverse flow 
and there is no leakage from the compres-
sion chamber and no heat addition from the 
cylinder wall during the suction process. 
Thus, the difference between the calcul-
ated flow and the measured flow, being 
hatched, is regarded as the reduction by 
the reverse flow, blowby and the superheat 
in the cylinder during the suction process. 
Shaft power W0 , indicated work Wg and 
effective work We are shown in F~g. 8. 
Calculated Wg and We comparatively show 
fairly good agreement with the measured 
data. The difference between W0 and Wg, being hatched, shows total mechanical 
losses. 
Change of Losses with Bore and Stroke 
Change 
The result of the analysis applied to the 
effect of cylinder bore and stroke change 
is mentioned here. This analysis is 
applied to the one-cylinder model corn-
pressor. The bore diameter is 50mm or 52mm 
and the stroke is changed and adjusted to 
15mm, 2lmm and 27mm at each bore diameter. 
The valve losses and the mechanical loss 
are shown in Fig. 9. According to the new 
analysis, the valve losses linearly in-
crease with the stroke, but the mechanical 
losses of bearings are constant and the 
mechanical loss in the cylinder greatly in-
creases with increasing stroke. 
Change of Losses with Rod Ratio Change 
The change of the mechanical loss and the 
summation of other losses with the rod 
ratio which is the rod length divided by 
the crank radius are shown in Fig. 10. It 
is known from the result that the tendency 
of the curve of losses is equal between 
the new analysis and the experimental re-
sults. It is also known that the mechani-
cal losses of bearings are constant and 
that the mechanical loss in the cylinder 
decreases with an increase of the rod ratio. 
The reason for this is considered to be 
that the side pressure of the piston de-
creases with an increase of the rod ratio. 
Change of Mass Flow Rate with Clearance 
Volume Change 
The change of volumetric efficiencies with 
the clearance volume change is shown in 
Fig. 11. ~vo smoothly changes with the 
clearance volume change. On the contrary, 
~vr, ~vb and ~v are equally waved, little 
by little. From this fact, it is consider-
ed that the valve motion is affected by the 
change of the clearance volume, and that 
the reverse flow rate changes with the 
valve motion. 
Analysis of Heat Exchange in the Shell 
The heat exchange in the shell is studied 
regarding a 3.75 kw hermetic refrigerant 
compressor. The heat quantity per unit 
mass flow rate from the heat sources the 
heat quantity per unit to the heat receiv-
ers are shown in Fig. 12. The results show 
the original structure and three cases of 
heat insulation treatment of flow passages, 
which are insulations of convection or heat 
transfer from high temperature portions to 
the suction gas. The convection insulation 
is performed for both the cylinder and the 
discharge pipe. The heat insulation is 
performed for the discharge pipe. 
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Heat quantities, which are transferred from 
the cylinder or the discharge gas to the 
suction gas, are known to decrease clearly 
with the insulation. Additionally, the 
volumetric efficiency of No. 4 is 1.6% 
higher than that of No. 1. The effect is 
known to be caused mostly by the reduction 
of heat transfer from the discharge gas, 
and secondly by the reduction of heat 
transfer from the cylinder. 
CONCLUSIONS 
The practical new method for analysis and 
estimations of actual reciprocating her-
metic compressor performance, which is 
suitable for development or improvement, 
has been presented. This method has made 
synthetic analysis easier than the con-
ventional experimental method. Moreover, 
this method is so applicable that causes 
of power losses and flow rate losses which 
contain suction gas superheat in a shell 
can be clearly analyzed. This method has 
been applied to several cases of loss 
analysis by changing geometrical dimen-
sions such as bore, stroke, rod ratio, 
clearance volume and heat exchange in a 
shell. The results are mentioned as 
follows: 
1. The results of the new method have 
been proved to show the same tenden-
cies as the experimental method. 
2. The relation between mechanical losses 
in cylinders and the dimensions of 
bore, stroke and rod ratio has been 
clearly revealed. 
3. It is now known that the clearance 
volume affects not only the re-
expansion process, but also the re-
verse mass flow rate through valves. 
4. The effect of the heat insulation on 
the suction gas superheat in a shell 




c Damping Coefficient 
D Bore 
E Young's Modulus 
G Modulus of Rigidity 
GR; Mass Flow Rate of Refrigerant 
H Loss Coefficient of Bearings 
I ; Second Moment of Area 
J ; Torsional Coefficient 
J'; Polar Moment of Inertia of Area 
K Spring Constant 
L Length, Power Loss 
M Mass 



































Inner Diameter of Passage 
Frequency 
Acceleration of Gravity 
Enthalpy 
Length of Passage 















sc Suction Chamber 
de Discharge Chamber 
b Bearing 
c Cylinder 
vs Suction Balve 
vd Discharge Valve 
ps Suction Passage 
pd Discharge Passage 
mot; Motor 
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Fig. 4. Heat Balance Model 
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Fig. 9. Change of Losses with Bore 
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Fig. 12. Heat Exchange in a Shell 
